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NOME'1CLATURE 
A a�ea of plate (width times thickness, shown in Figure 3) 
As - exposed surface area of plate 
b - pate wid h in z-direction 
cp - sp ci ic heat at constant pressure 
g - acceleration due to gravity 
G ... - Grashof number g (Tw - T 00 )x3 J / 1 � 
hx - local heat transfer coefficient defined by Equation (3-9) 
I 
KA 
K vi 
n 
-
-
-
amperes 
thermal conductivity 
herma conductivity 
l ength of plate 
refractive index of 
� N fringe-shi t  
Pr - Prandt� umber 
- heat transfer rate 
Q - total heat transfer 
of 
of 
air 
q' '' internal heat genera io 
- temperature o wal 
air 
plate 
I - temperature of ambien fluid 
u - velocity component in x-dire ction 
v - velocity compo e t  in y-direction 
V - volts 
x - coordinate u.�as ring distance along plate rom bottom leading 
edge 
y coordinate measuring distance normal to plate 
z coordinate measuri g width of plate 
o( - therma diffusivi y . ( '',If C_,) 
1 - coef ici n· of thermal expansion 
- mom .turn bou dary layer thickness 
- tr�rmal boundary ayer thickness 
� - radiation emissivity 
- wave length of laser beam 
- kinematic viscosity 
- fluid density 
Stefan- oltzm nn 's consta t 
- s ream nction 
i; 
CHAPTER I 
INTRODUCTION 
Heat transfer by convection has been studied extensively 
since about 900, but it is probably still the le ast understoo of 
the three types of heat transfer due to its dependency on fluid 
dynamics. The most thoroughly studied cases are forced convec ion 
over a fa� plate and fr ee convection from a vertical isothermal 
plate. In a large number of engineering applications, it is 
l 
necessary to calculate the heat transfer from a surface which is heated 
locall y such as a fin heated at its root. There has been very itt'e 
analyt·cal or experimental work done for this particul ar case 
which the internal conduction within the plate is coupl ed with the 
convection away from the pl ate. 
The urpose of this investigation is to study the free 
convection heat t ansf r from a thin vertical f at pl ate of uniform 
�hie ness which is · e ated loca y at various vertical positions. 
The laws which govern the heat transfer phenomenon are reviewed 
as they relate to. the problem. Due to the complexity of tbe resulting 
qua�ions, it wil� be necessary to rely on experimentation to 
determine t',e he at transfer characteristics. The total heat transfer 
and he at transfer coefficient will be calcul ated from the experimental 
d ata and the resu ts will b� compared to a more idealized case 
consisting of an isothermally heated pl ate . 
The report will first present ihe governing laws as they 
apply to the problem. An explana tion of the experimental analysis 
will be next, followed by a discussion of the resul ts. Finally, 
=ather brief conclusions and recommendations will be given. 
2 
CHAPTER II 
REVIEW OF RELATED LlTERATURE 
The idealized case of free convection from a vertical flat 
plate has been solved by the approximate von Karman integral 
technique. This solution may be found in many elementary texts such 
as Holman [ 1] • * To effect this solution, it is necessary to assume 
velocity and temperature profiles within the boundary layer. ·The 
results obtained by this approximate technique compare favorably 
with the exact solution and experimental verification of Pohlhausen, 
Schmidt, and Beckmann as related by Eckert and Drake [ 2 J. 
Sparrow and 'Gregg[ 3] present an exact solution for uniform 
heat-flux rate at the surface of a vertical flat plate. The 
continuity, momentum, and energy partial differential equations were 
transformed into ordinary d_ifferential equations by applying a 
variable transformation. These equations were solved numerically 
for Prandtl numbers of 0.1, 1.0, 10, and 100. The theoretical 
results compare very closely to the experimental results obtained 
by Dotson [ 4]. 
Using the von Karman integral technique, Sparrow [ 5] assumed 
polynomials for velocity and temperature profiles and solved the 
problem of free convection from· a vertical plate having·_ either a 
specified non-uniform surface heat-flux or temperature distribution 
*Bracketed numbers refer to references listed in th_e bibliography. 
3 
along the plate. Approximate solutions for the total heat transfer 
�nd 'eat transfer coefficient were found and compared to a more 
idealized case of an isothermally heated plate. 
4 
Sparrow and Gregg [ 6] also carried out a theoretical analysis 
for laminar free convection from a vertical plate with the surface 
temperature distributions given as 
T - T = Nxn w c.> and ..,...1 - T,,.. = Memx w ..., 
where N, n, M, and mare constants . Exact solutions for the total 
heat transfer and l ocal heat transfer coefficient were calcul ated 
using a similarity transformation. Numerical solutions were 
calculated for Prandtl numbers of . 7  and 1. 0. 
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CHAPTER III 
MATHEMATICAL ANALYSIS 
Theoretical Model 
The theoretical model which will be used in this analysis 
is shown in Figure 1 below. 
/ 
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Figure l(a) depicts the situation to which the local wall 
temµ rature Tw exceeds the ambient temperature T<» , and heat 
is being transferred from the wall to the fluid. Figure l(b) 
represents the situation in which the ambient temperature Tc:io 
exceeds the wall temperature Tw, and heat is being transferred from 
the fluid to the wall. 
The analysis will be carried out for Figure l(a) wherein 
heat is being transferred from the wall to the fluid. It should 
be noted, however, that if the coordinate system is taken as 
shown in Figure l(b), then the analysis and results would be the 
same for both situations. 
Governing Equations 
The basic equations which govern the phenomenon of steady, •· 
two-dimensional, free convection from a vertical plate can be 
stated as in Eckert and Gross [ 7 ]: 
conservation of mass, 
momentum, 
and energy, 
• 
(3-1) 
(3-2) 
(3-3) 
The following assumptions were made during the derivation 
of these equations: 
a) steady state 
b) two-dimensional 
c) viscous and conduction effects are contained in a 
thin boundary layer 
d) no internal heat generation (q''') within the plate 
e) negligible viscous dissipation 
f) the fluid properties� , j , and o< in Equations (3-2) 
and (3-3) will be taken as constants at the film temper­
ature. 
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In attempting to effect an exact solution from Equations (3-1), 
(3-2), and (3-3), one could introduce a stream function 'Y" which would 
satisfy the continuity equation (3-1). Upon substitution of the 
stream function into Equations (3-2) and (3-3), t�e re_sul t would be 
two simultaneous equations in two unknowns, -Y,- and T. Ordinary 
differential equations could be obtained if a variable transformation 
can be introduced. However, before such a transformation can be 
established, it is necessary to know the temperature distribution 
along the surface of the plate. 
An alternative approach would be to use the von Karman 
integral technique to develop an approximate solution c�nsisting of 
integrating Equation (3-2) and (3-3) from y = 0 to y= a where� 
equals the boundary layer thickness. For* free convecti�n, the 
integral momentum equation and the integral energy equation as 
stated by Holman [ 1] are respectively: 
and 
The thermal boundary layer thickness is defined as the 
distance measured from the wall to a point at which T - T = .99 w 
(3-4) 
(3-5) 
(Tw - T00 ). It is within this laminar boundary layer that longitu-
dinal convection and transverse conduction are predominant. 
The hydrodynamic boundary layer thickness may be defined as 
the distance measured from the wall to a point at which u = .01 umax· 
It is within this layer that viscous forces are in effect giving rise 
to a velocity profile in the fluid. Since the bouyancy force 
caused by the temperature variation in the fluid gives �ise to the 
motion within the boundary layer, the thermal and hydrodynamic 
boundary layer thicknesses are approximately equal as may be noted in 
Equations (3-4) and (3-5). 
The von Karman integral equations can only be solved by the 
proper substitution of the velocity and temperature profiles. These 
profiles are approximated by assuming polynomials in y to a particular 
order which will satisfy the boundary conditions for the velocity and 
temperature at the plate and at y = �- One boundary condition, 
either the tempera�ure or the temperature �radient, must be specified 
at the plate. A typical pair of profiles for a plate heated to Tw 
is shown in Figure 2. 
/'! 
Tw /i 
�✓'. 
.1! 
/! 
/1 
/'."" _____________ __;:::::::a..t, 
�� 
Figure 2 
y 
Once these profiles are derived, subsequent integration of the von 
Karman integral equations will result in first order differential 
equations in terms of the independent variable x. In order to 
integrate this, it is necessary to specify either the plate 
temperature or temperature gradient at every x location up the plate. 
In the present problem, not only is there convection and 
radiation away from the plate, but there is conduction up the plate. 
Th s, to establish the appropriate heat balance within the plate, 
it is necessary to consider an infinitesimal element dx of the 
late as shown in Figure 3. 
9 
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The convection away from the plate is governed by Newton' s Cocling 
Law 
:::; (3-7) 
where his defined as the convection heat transfer coefficient. 
The conduction in the fluid at the wall is governed by Fourier•s 
Conduction Law 
(3-8) 
where g
T' -
l' is the temperature gradient evaluated at the wall. iiy �=O 
By coupling Equation (3-7) with (3-8) at the wall, one can solve for 
the coefficient as 
h - -
)( 
aT j 
I/ 
- I 
/\A ::,y IJ= 0 
1Zi- Too 
where hx is the local heat transfer coefficient. 
(3-9) 
Using Newton's Cooling Law along with the Steran-Boltzman's 
Law for radiation in Equation (3-6) results in 
- K A £& = - k A d7:.; 
l'1 dx ,,, d x 
( 3-11) 
where the shape factor has been taken as unity. Rearrangement of 
Equation (3-11) results in 
. \ 
/ 
. .  
�-·_.... i ... :;-· - -i- J ;: 
As mentioned previously in outlining the procedure for 
obtaining the exact solution, the variable transformation in the 
momentum and energy equation could not be established without a 
specification of the wall temperature which in the present case is. 
a function of x. In essence, this means that the velocity and 
temperature profiles cannot be derived until the wall temperature 
is specified; however, it is readily seen from Equation (3-12), 
-· at the wall temperature is governed by an equation which contains 
che heat transfer coefficient h, and this in turn is governed by 
Equation (3-9). Therefore, a coupling effect exists between 
Equations (3-2), (3-3), and (3-12) and these must be solved simul­
taneously, a virtually impossible task. 
The same dilemma exists in attempting the approximate solution. 
The resulting first order differential equations in x also must 
have the plate temperature distribution specified._ Once again it 
may be seen that this distribution can only be specified by 
Equation (3-12); thus, a coupling effect exists again and will not 
afford a solution. 
The experimental program was devised to obtain the plate 
temperature distribution and to measure the temperature gradient 
in the fluid adjacent to the plate. Using Equation (3-9), the 
heat transfer coefficient hx could be empirically derived and 
subsequently the local convection heat transfer can be calculated. 
Total heat transfer results can be obtained by numerical integration. 
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CHAPTER IV 
EXPERIMENTAL EQUIPMENT 
Inter f erorneter 
A sophisticated instrument which shows the density variations 
in a two-d imensional fl ow field is a Mach-Zehnder interferometer. A 
beam of monochromatic l ight is split into two identical beams at a 
partial reflecting mirror. One beam is d irected past a heated surface 
wh ile the other is not. The interference pattern is formed by 
recombining the beams at another partial reflecting mirror. The 
d istortion of the resulting fringe pattern is indicative of the 
temperature profile in front of the plate. 
Knofczynski [ 8] built a 6-inch Mach-Zehnder interferometer 
wh ich is housed in the Mechan ical Engineering Researc h Laboratory a 
South Dakota State Un iversity. The original l ight source was an 
AH-4 100 watt GE mercury arc lamp. However, the intensity was not 
sufficient to produce clear, distinct interferograms, especially 
for transient convection studies. A neon-hel ium continuous gas laser 
was substituted ·as the light source. A schematic layout of the 
interferometer with the laser 
wos slightly divergent. This 
the beam off M1 and M2 (Figure 
lens so that a beam radius was 
- - • • A '""'· . 
i ·:; shown in Figure 4. The laser beam 
was used to advantage by reflecting 
4) and passing it through a diverg ing 
obtained wh ich would produce a 6-inch 
- - • -- • -- • 11. ■n ""'"'••� I laD ADV 
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L S 
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r_-_-_:--, 
L r 
0 L 
CA RA 
E. I TERFE 
diameter beam on the parabolic mirror. To obtain a collimation 
after the parabolic mirror, it w�s necessary to place the focal 
point of the diverging lens at the focal point of the parabolic 
mirror. 
· Experimenta Model 
A steel plate, me asuring 30 inches by 6.5 inches a d  having 
a uni orm thickness of . i  inch, was used for the heated model in 
15 
this study. Steel has a relatively low thermal conductivity compared 
to copper or aluminum; hence, it was possible to he at th� plate at 
a particular x-locality and produce a nonuniform surface temperature 
distribution in the x-direction. The plate was heated a t  various 
x- ocations by a 400 watt Chromalox induction strip he ater shown by 
the arrow in Figure 5. Because the he ating element was 1.5 inches 
wide, it was advantageous to place a . 5-inch strip of copper be tween 
the test plate and the heating element in order to achieve a more 
ocalized line of heating. Section A of Fig re 6 shows the contact 
be tween the heate�, copper strip, and test plate. The three x­
positions used for the he ater placement are also shown in Figure 6. 
The exposed face �f the test plate was sprayed with a flat black 
paint making the radiation emissivity approximately unity. The 
bottom leading edge of the test plate was milled at a 45 ° angle 
(Section A, Figure 6) to provide a sharp leading edge. 
Thirty copper-constantan thermocouples were soldered into 
the plate for monitoring the plate temperature. The thermocouple 
wires, size 24 B & S, covered with Fiberglas insulation, were 
Figure 5. Rear Vjew of Test Mode 
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welded by n electric spark discharge we l der to make the proper 
j unctions. The thermo c ouples were posit ioned as  shown in Figures 
5 and 6.  Junction b oards  at the back of the test model were used 
1 8  
to contact the thermocouple wires to 12- foot extension wires lead · ng 
t o  the switching nits. 
Th test plate was clamped in a redwood shel exposing on y 
one face ( Fi gures 5 and 7 ) . The purpose of this wooden shell was 
a) to  hold the test plate in  p osi ion, and b) to provide insula 1 0n 
around the edges of the plate nd enable Fi erglas insulation to be 
packed behind t e tes plate eliminating convection up and conduction 
out the back of the plate. To insure that the heat loss from the 
back side nd edges o f  the test plate would be a minimum ,  a 3-inc 
thick layer of Fiberglas insulation was placed around the redwood 
shell. To allow views of the convection pr ocess at every x-position 
along the plate surface, the tes mode stand was adjustable in a 
vertical direction as may be seen from Figure 7 .  
Ex perimental Procedure and Data Accumulation 
The first step in the experimental procedure was to align the 
test plate paral led to the light beam ; the undisturbed fringes were 
then aligned perpendicular to the pl ate. The heating power supplied 
o the pl ate was contr oll ed by a V riac Auto ransformer and. measured 
by an A. C . voltmet r ,  - :ne er and wattmeter. To achieve steady state 
conditions ,  the test plate was heated approximately three hours before 
data was taken. 
1 9  
F igure 7 . Te st Stand and Model  
A Leeds and Northrup preci sion potentiometer with an ice 
bath reference junction was used to obtain the temperatures 
of the thermocouples. Room temperature was recorded from a ther­
mometer hung at approximately the same level as the interferometer. 
20 
The fringes were photogr aphed using a Graflex 4 x 5 Land 
camera. The correct .placement of the camera is shown by Knofczynski 
[a J. The bellows were extended to the point where the image of the 
fr inges covered the height of the ground glass  in back of the camera. 
The ex posure time was set for one second and the f-stop at 4 . 5. 
Kodak Super Panchro- Press type B film  was used to photograph the 
fringes. These photographs were enl arged to either a 5 x 7 or an 
8 x 10 print depending upon whether the photograph contained a low 
or high temperature difference between the plate and room temperature 
respectively. Since the photographs were enlarged, correct measure­
ment of dimension s in the interferogram analysis was aided by 
inser ting a calipers set at a known dimension into the light path. 
Photographs taken at various x- positions along the plate were 
desi gnated by numbers inserted between the cal ipers a s  shown in 
F i gu r e s 8 and 9 of Chapte r 5. 
F igure 8 e  I nterfer ogram for x = 25 inche s wi th Heating - El m n t  at  
x = 28  inches and 100 3 watts 
22 
F igure 9 .  Interfero9ram for x 25 inche s with Heating Elem nt at  
x = 2 inche s and 79.34 watts  
23 
temperatures were recorded from a potentiometer and the results are 
shown on Figure 10. The curve s are in general agreement with the 
interferograms except very close to the wall. It is felt that the 
thermocouple , which was unshielded, received radiation heat 
transfer and thus would not indicate the de�reasing temperature in 
close  proximity to the wall . 
24 
The method derived by Kennard [ 9 J to calculate the temperature 
g r a  ient at the wall is in error when the maximum slope doe s not 
occur at the wall as is the case in Figure 9. When thi s  occurred 
in this analysis, an indirect method was used to obtain the gradient. 
F or the case in which the heating element was near the top of the 
plate (x = 28 inche s ) ,  the reversed convecti on phenomenon did not 
occur because the portion of the plate below the heating element 
was heated solely by conduction. In this case the value of the 
gradient at the plate could be calculated and correlated to the 
slope ( 0 )  of the is othermal fringe at the wall intersection. A graph 
was then made plotting 
ddT/ versus e. For the case in which 
y 9 : 0 
the reversed convection phenomenon occurred, the te�perature gradient 
could be obtained from the graph by measuring the angle of the fringe 
at the wall with respect  to  the und i s turbed fr inge in the ambient 
field. It is e s sential for accurate analysis that the angle be 
measured with respe ct to the undisturbed fringe rather than the plate 
surface because it is  po ssible that the undisturbed fringe is  not 
aligned perpendicular to the plate. 
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I t  s hou l d  be noted a t  t h i s  poin�  tha t  for the cal cul ati on 
of the g r adient, the distan c e  Ly was measured from the plate 
s ur fa ce  to a po int  whi ch wa s . 95 of the thermal b ound ary layer 
thic' ne s s . Th i s  is an arb i tr ary cho i ce and wil l affec t the mag­
nitude s of t he l o c a l  hea t  t!an s fer � bu t nevertheless ,  it i s  fel t 
that a f air coffipar i son may be made of the l ocal  va lues at various 
position s up t�e pl ate . 
Accur acy o f  Measurement 
26 
Three  thermocouples i� �he z -d i re ction acros s  the �late at 
e ach o f  ten vertical posit i on s  ( F igure 6 ;  were used to mon i tor the 
temper a ture of the plate . The max imum temperature differen ce between 
any three horizon tal thermoc oupl e s  wa s 1 0. 5° F for an average 
tempera  ure of 284 ° F. This degree o f  error was not bad for 
ap prox imating the free conve c t ion pattern as two-dimensional . In  the 
a a ys i s , an arithmetic average of the three thermocou ple readings 
at e a ch x-location was used .  
The measurement o f  the slope o f  the isothermal fringe at the 
wall was the leas t accurate o f  all measurements . Th� slo pe was 
obta ined by using a s traight edge pl aced tangent to the fr inge at 
the wa l l  intersection and measur ing the angle w ith a protractor. 
T e  max imum error occurred when the angle a pproached 0° ( parallel to 
the undisturbed fr inge ) ;  however ,  the con�ection eat trans fer is  
very small  if not negligible in this area so the error could be 
tolerated. 
The measu rement o f  i 1 1e power supplied is considered very 
• I 
accurate because the voltmeter and ammeter used were precision 
instruments accurate to with i n ½ %  of full scale readings. Since 
the heat ing ele�ent was a simple resistor with a power factor of 
unity , the total power was obta ine.d . by multiplying voltage times 
amper age. 
End E f fe c t s 
27 
The equations used for eva luat ing interferograms for the 
temperature and temperature gradient  are based on a true two­
dimensional free convection pa ttern. S ince the present case i nvolves 
a f inite width ( 6. 5 inches ) ,  the edges contribute a local three­
dimensional effec t. Kennard ( 9], who used a 4-inch wide plate , 
recommended that a correct ion factor of 5% of  the total plate width 
be a d d ed to this width. Since the Rlate width in this investigation 
was 62 . 5% wider , a smaller c orrection factor should be · incorporated. 
However ,  according to Rich [ 1 0] ,  the 5% correction factor should be 
higher for temperatures around 300 ° F. Since experiments were 
condu c ted for temperatures a r ound and above 300° F ,  it was felt that 
the two effects woul d cancel. Therefore , the correction factor used 
for this  investigation was 5% of the total plate width. 
CHnPTER VI 
DISCUSSI ON OF RESULTS 
Plat Sur face Temperatures 
The p ate  tempe r ature  distributions as recorded from the 
thermoccup es for the three he a t ing el ement  positions are showi 
in Figures 1 1 ,  1 2, and 1 3 .  F our power settings were  used for each 
heater position with the ex ception of the position at x = 2 inches. 
In this case , t�rbule .  f low was observed for the 1 00 watt power 
setting. Since t .e conve ction phenomenon for �urbulent fl ew is 
markedly d " fferent than laminar flow , the tria was negl ected .  
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As mentioned in · e previous chapte r, t e only  heating e ement 
posi tion where the temperature and temperature gradient equations 
using the Kennard fringe-shift method can be util ized is for the 
position at  x = 28 inches. -herefore , th!s  is the onl y heater 
posi� icn for which the temperat re was cal culated by the Kennard 
fringe-shift method . The calculated values are compared with the 
thermocouple read ings for the four power settings and are shown in 
Tab e I. With the except i on of the 100 wat t  power setting , it can be 
observed that the tem per atures do not co�pare very favor ably in 
contrast to the smal l error achieved by other investigators using 
inter ferometry. The maximum error for the 100 watt power se t ting is 
3. 35% , which is within experimental error , compared to 8. 64% , 7 . 52% , 
5. 80% for the 80, 60 ,  and 40 wa�t power settings respectively. 1 The 
error -is possibly due to e ithe� a fau� �Y batter
y in the potentiometer 
or be cause lhe plate was nonisothermal , therefore , not l end ing itself 
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Power X r,.,.., (measured ) *·* T ( c a culated ) (watts ) ( "  . \ 1 n cnes ) 
( OF ) ( OF ) 
1 00 . 32 27 . 5  330 335 
25. 0 224 227 
22. 0 1 49 . 1 54 
1 9. 0 1 1 8  1 1 7 
17 . 0 _ 04 1 01 
80 . 7 27 . 5 290 31 5 
25 . 0 204 212 
22. 0 142  1 47 
1 9. 0 1 1 7 1 1 5  
16 . 0 102 1 00 
60.29 27. 5 25 1 270 
25 . 0 1 80 1 88 
22. 0 1 30 1 33 
1 9 . 0 106 109 
1 6. 0 96 98 
40. 88 27 . 5 208 220 
25 . 0  163 169 
22 . 0  120 125 
1 9 . 0 1 03 105 
16 . 0 94 94 
:,, "x " de s ignate s  d i s tan ce measured from the bottom of the 
pl ate 
*-* Va J. 1.. · 2 s  :rec orded  we-::... -i.:: ak ... : . ...  �� 0 1 .  · t 10 gr p :r · :.:- .:,e:-1 · .i.ng 
temperature versus d istanc up the plate 
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to the :,.e nard fr inge-shif t  me . od . Al though the ba� e ry in  t e 
p c te t i ome ter was purc hased ne� : , it had to be replaced appr oxim-te y 
a '11ee ' - 4 er tr. ,  data  was taken or this investigation . Hence ,  the 
bat eYy was robably weak during the recordi g o  the d a ta giving 
random erroneous temperatures ,  that is , for on tr ial the error may 
e po itive whi l e  the next trial  i t  may be negativ . 
Comp rison o f  Heat Lost to Heat Supplied 
A comparison of the heat lost to heat s ppl ied was made for 
ac tria he radiation e - fects were calculated sing he Stefan-
Bol zmann 's Law 
, ... 
I.. I 
I = C:/ €, -r.. ) . ( 6- 1 )  
Since the p ·  a e was painted a f at black , the emissivity ,  · , was 
assumed to b unity. The plate temperature at vario s vertica 
os i ion s and t e room temperature were kn own so the ra iat ion hea · 
tra s r per unit are a coul b ca cu ated . The distribution was 
then numer i ca ly in grated and the total radiation heat transfer 
was obtain d. 
The convection heat transfer effects were calculated using 
our · e r ' s  Conduction Law Equation (3-4 )  
( 3-4) 
The temperature gradient at the wall , , was obtained from 
the interfe ogram analysis as described in he previous chapter. 
The resul t �ng convection hea transfer distribution was numerically 
integr ated t o  de term ine the total convection heat transfe r  fr om 
the pl ate . He at condu c�ion l osses from the ba�k and edges of the 
p a te were ne£ l e c ted be cause the test model was insulated. The 
c a l cu ated  val ues of the pla te heat  l osses are compared to the 
power s�ppl ied i n  Table I I . 
From the tabl e ,  it can be seen that the error between the 
heat lost and heat suppl ied i s  very signif i cant . One reason f or 
this is the assumpti on of me asuring � - , as the distanc e from the 
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wall to a point . 95 of  the thermal boundary l ayer thi cknes�. A 
certain d egree of random error may also exis t because of the 
poten t i ometer error previously discussed. From Equation ( 6- 1 )  f or 
the c a lculatio� of the radi ation effects, it can be seen  that the 
measured  wall temperature is r aised to the fo rth power and a .y 
sligh error in th is tempera ture would produce a appreciable r adia­
t i on err or . The tot�l heat t ransferred from the p ate woul d thus be 
grea�  y a f -ec ted because , for a plate with an emissivity o f  unity, 
the per-cent of  the total heat  l ost by rad iation is appr oximately 
$0% as repor ted by R ich 1 0]. 
Conve ction He at  Transfer Coe f f i c ient  
The local convection r.e at  trans fer c oefficient was cal cu l ated 
using Equation ( 3-9 ) 
aT ·� -
A � y  j = O 
� - � � 
( 3- 9 )  
The me thod of determining these qua tities ha s  al ready been discussed. 
The coe f fic ient was pl o t ted as a funct ion of x and the results are 
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TP.BLE  I I  
Compar i s cn o f  Heat Lost t o  He at Supplied 
Heating Element 
Qconv  Qrad Qt o tal ( lost ) Q ( supplied ) Pos i t i or. 
X (in ches) �- ( Btu/hr ) ( Btu/hr ) ( Btu/hr) ( Btu/hr ) 
2 1 6. 2 65. 6 81 . 8  1 36 . 0  
32 . 2  1 5 1 . 0  183 . 2 204 . 5  
75. 8 256 . 0  331 . 8 277. 0 
5 1 1 . 6  44 . 3 55. 9 136 . 0 
_ 8 . 6 1 09 . 9 1 28. 5 ·206. 0 
36 . 5 J. 82 . 0  21 8. 5 276 . 0  
1 24. 8 285 . 8 4 1 0. 6 342 . 0 
28 1 4. 9 32. 0 46. 9 1 36 . 0  
38. 4 70. 2 1 08 � 6 206. 0 
70. 3 150. 0 220. 3 276 . 0  
93 . 5 234. 5 328. 0 342. 0 
* "x" designates the distan ce from the bottom o f  the pl te 
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showi as curve C on Figure s 1 4-24 of Appendix A . It should be noted 
at this  time that the negative heat transfer coef ficient which 
appe ars  on s ome graphs merely indicate s that hea i s  being r ansferred 
in the oppo site d i :'.:'ect i on, t' at is , irom the ail' to the pla · e • 
• ro emp i r ical he a t  -tr an s fer c ce f ficien -c was derived from the 
present experimenta resul ts because o f  the l imited data accumu ated. 
Without an appropriate corre l a tion applicable to the present case 
being avail able , one might attempt to use a more id a ized correlation 
such as that for the free convecti on f r om an isothermal pl ate . It 
would be interes ting to make a comparis on between the h eat rans fer 
coef icient d istribu tion based upon the present experimentat i on to 
those that  would be determined using the isothermal plate correlation. 
-his .atter correlation , referred to in Chapter 2 ,  is given in 
Holman  
,,., )' . \ 
.,,, 
1 ]  as 
.:: o.soo 
I n  this  correl ation , the properties 
at the f i lm  temperature of air. 
(6-2 ) 
, e , and -P were evaluated 
wo methods of treatment using Equation (6-2 ) were devised to 
cco nt for the wall tem perature Tw · The f irst method consisted 
of calculating mean temperatures from the measured plate temperature 
�is ributions and substituting these va ues for Tw into Equati on 
( 6-2) . The resul ts obtained are shown as curve A on the graphs in 
Appendix A .  
The second method c ons is ted of us ing the actual po int-by-point 
plate temperature measured e x pe r imental l y  at various x-pos iti ons 
as the Tw and calculating the local heat transfer coefficient from 
Equati on (6-2) . These are shown as curve B on the graphs in 
Appendix A. 
T otal Convecti on Heat Transfer 
The total convecti on heat transfer f rom the plate was 
calculated for each of the two method s us ing the is othermal 
correlation and the results are compared to the experimen�al case 
in Table I I I. For the f irst method (mear. temperature), the total 
heat trans fer was calculated us ing the average heat transfer 
coefficient found by integration of hx over the plate l ength L .  
= (6-3) 
The results from the second method (actual plate temperature 
from experimental data) were obtained by numerical integrati on of 
the heat transfer per unit area over the plate length. Since 
according to  the correlati on , the heat transfer coefficient approaches 
infin ity at the leading edge o f  the plate where the boundary layer 
�hicknes s is theoretical ly  zer o ,  the heat transferred from the first 
½ - inch of the plate was set equal to the heat transferred in the 
second ½ - inch of the plate (from x - = ½ inch to x = 1 inch). 
Al though thi 9  would introduce s l ight error in the total heat trans• 
fer from the plate , it is felt that the error is considerably ,less  in 
this case than to  assum� that the heat transfer approaches infinity. 
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� ft.BLE I I I  
C onvect i on �e a t  Tr ans fer Resu lts 
He ate r Pow�r Convection He a t  Tran s fe r  
Pos i tion Se tt ing qA qB qr, 
( in ches ) ( J ·cu/hr ) .  ( v,, - � + c ) I '1 .L /h ) ( Btu/hr ) � C L. .._, .._., \ .::i LU r 
2 39 . 96  23 . 3  50. 2 16 . 2 
60 . 06 36. 2 74 . 5 32 . 2 
79 . 34 52 . 4 187 . 1 75 . 8  
1 5  39 . 96 1 9 . 2 21 . 9  L . 6 
60 . 65 36 . 0 40 . 0  1 8 . 6  
7 9 . 86 51 . 6  54. 3 36. 5 
l OC. 45 63. 0 70 . 4  7_ . 7  
28 L'.,0 . 88  1 6 . 1 24 . 8  1 4 . 9 
60 . 29 21 . 2  44 . 0  38 . 4  
80. 17 33 . 4  49 . 8  70. 3 
100 . 38 42 . 3 75 . 8 93 . 5  
x = The distance from the bott om of the plate. 
hA = The convec t ion he at  transfer calculated for an isotherm 1 
plate having an averoge temper ature. 
h 
B = The c onvec tion heat trans fer cal culated for an i sothermal 
pl ate us ing actual po in '-by-po int temperatures. 
he = Th2 convect ion he a tr ansfer from the test p a · e. 
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C:� \PTP"' VI  I 
CC ·cLUS I C  S 
The rr.a iri c on c l usions dr awn fr om this investigation for free 
conv2 ctio� he a t  tr ans fer are : 
l .  F o� a th in  pl ate , t�e internal resistance in the vertical 
d i rec � ion is su f ficiently  high such tha ' , when the pl ate 
is heated a t  one x - l ocali�y , it is p ossible tha t the 
convect ive movement adjacent to the surface exceeds  the 
conduc t i on up the pl a te causing the heat to be 
transferred back int o  the pl ate further up the sur face. 
The convection back into the pl a te is given up by 
rad i ation , thus not resu l ting in a net he ating o f t e 
uppe r part of the pl ate .  It must be  noted ,  h owever tha t 
the �. ysical explan ati on was not de r initely ve·rif · ed . 
2 . The : ocal heat transfer coe fficient and the total 
convec t ion heat tran sfer for a plate having a variable 
sur face ·  temperature cannot be predicted or cal culated 
accur o tel y by the empl oymen of an isothermal cor rel ation. 
RECOMMENDAT I ONS 
The f cl : owing rec ommendations are made . 
1 . Tr.e test � od e !  bu i l t  for th i s  investig ation may be used for 
a nur .oer o f  other exper imen ts : 
a )  A more· ex tensive study may be undertaken similar to the 
presen t i vestiga t ion for the determination of an em�ir ica�  
relati onship showing that the eat  trans rer coefficient 
may be a function o f t e flu id properties, p ate material 
proper t ies, plate d imens ions, local heating pos ition, and 
power supplied . 
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b )  It may a so be used to experimen a l y  study the 
characteris tics of convective turbulent fl ows e . t .er by usi g 
a;i isothermal plate or a variable temperature pl at 
� ed in this investigat i on. 
s was 
2. Ano ther test model may be bu i l t, s imilar to the one used , to s tudy 
t ie prob em o f  optimum spacing of isothermal or non i s o the . ial 
� . 
.i. in s . 
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APPENDICES 
.APPENDIX A 
I'E T TRANSFER COEFF ICIENT DISTR I BUTIO S 
F i gure 1 4  - Figure 24 
Graph Nomencla ture 
A = He � t  transfer  c oef f i c ient  d : str ibution for the isotherma 
B = 
C = 
plate using the mean temperature from · he measured p ate 
J emperatu re distribu tion for Tw. 
He t, transfer c oefficier. t  distribu don for the isothermal 
pl ate u s ing t he actua l po · nt-by-poin t measured plate 
t .per 2. t.ur es  for Tw . 
Heat transfer coe � ficien t distr ib  tion f or the est pl ate . 
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APPENDIX B 
SAMPLE CALCULATIONS 
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SA/i?LE CAf...CULATIONS* 
1.  Ca l cul a t ion o �  Te�per ature ( T  
W '  
L1T = 
/ Y1 - I ' , . � 
A 1\ / T) ;\  •V - . I 
= 
I I -: .. o. 05 lo = , f'h .  
= 24 8 ° 
w 
,:, 
2 .  Ca culation 
_;7 _e_ .. -
en 
i y  
= 0 7  OJ- + 1 1":. OF 0 = 
( n1 CJ S  l;f Y-cclj =. 3 3 0 ° 
of Temperature Gradient 
� ' '/fi '/ , .• .:;.,I 
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* Al l cal c ul ations are made f or a heating eleme t position at 
x = 28 inches and a power se t ing of · oo . 38 watts. 
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